Epigenetic information, which can be passed on independently of the DNA sequence, is stored in part in the form of histone posttranslational modifications and specific histone variants. Although complexes necessary for deposition have been identified for canonical and variant histones, information regarding the chromatin assembly pathways outside of the Opisthokonts remains limited. Tetrahymena thermophila, a ciliated protozoan, is particularly suitable to study and unravel the chromatin regulatory layers due to its unique physical separation of chromatin states in the form of two distinct nuclei present within the same cell. Using a functional proteomics pipeline, we carried out affinity purification followed by mass spectrometry of endogenously tagged T. thermophila histones H2A, H2B and variant Hv1.We identified a set of interacting proteins shared among the three analyzed histones that includes the FACT-complex, as well as H2Aor Hv1-specific chaperones. We find that putative subunits of T. thermophila versions of SWR-and INO80-complexes, as well as transcription-related histone chaperone Spt6 Tt specifically copurify with Hv1. We also identified importin b6 and the T. thermophila ortholog of nucleoplasmin 1 (cNpl1 Tt ) as H2A-H2B interacting partners. Our results further implicate Poly [ADP-ribose] polymerases in histone metabolism. Molecular evolutionary analysis, reciprocal affinity purification coupled to mass spectrometry experiments, and indirect immunofluorescence studies using endogenously tagged Spt16 Tt (FACT-complex subunit), cNpl1 Tt , and PARP6 Tt underscore the validity of our approach and offer mechanistic insights. Our results reveal a highly conserved regulatory network for H2A (Hv1)-H2B concerning their nuclear import and assembly into chromatin.
Introduction
The eukaryotic genome is packaged in the form of a nucleoprotein complex called chromatin. The primary repeating unit of chromatin is the nucleosome which is formed when $146 bp of DNA is wrapped around a core histone octamer consisting of two histone H2A-H2B heterodimers and one H3/H4 tetramer (Luger et al. 1997) . Chromatin structure influences all DNA-mediated cellular processes, including gene transcription, replication, recombination, and repair (reviewed by Venkatesh and Workman [2015] ). Histones carry posttranslational modifications which have important roles in gene expression regulation. For example, an enrichment of histone H3 trimethylated at lysine (K) 9 or K27 (H3K9me3 or H3K27me3) has been associated with heterochromatic chromatin regions whereas H3K4me3 and H3K36me3 posttranslational modifications have been linked with transcriptional activity (Allshire and Madhani 2018) .
Variant histones have been described across species that differ in their primary amino acid sequences (Talbert et al. 2012) . Canonical histones are only expressed during S-phase and are deposited onto chromatin in a DNA replication-dependent (RD) manner, whereas variants are expressed throughout the cell cycle and are deposited onto chromatin in a replication-independent (RI) manner (Mendiratta et al. 2018) . Interestingly, RI variants, including H3.3 and H2A.Z for histones H3 and H2A, respectively, have been described to have nonrandom distribution along the chromatin. For example, H3.3 is enriched in the euchromatic regions associated with transcriptionally active genes (Goldberg et al. 2010; Ray-Gallet et al. 2011) . Genome-wide studies have indicated the enrichment of H2A.Z/H3.3 double variants within regions of high chromatin accessibility such as active promoters, enhancers, and insulator regions (Jin et al. 2009 ), highlighting their role in gene expression regulation.
Chromatin assembly is a fundamental process that may affect a broad range of gene regulatory processes such as DNA repair, DNA replication, and progression through the cell cycle (Mendiratta et al. 2018) . Protein factors known as histone chaperones are thought to have key roles in regulation of chromatin assembly (Grover et al. 2018) . For example, chromatin assembly factor-1 and histone-regulator-A have been shown to mediate RD and RI chromatin assembly processes to deposit either H3-H4 or H3.3-H4 (Hoek and Stillman 2003; Tagami et al. 2004; Jullien et al. 2012) , respectively, whereas the SWR-complex specifically targets H2A.Z-H2B onto chromatin (Gerhold et al. 2015) . Histone chaperones have specific preferences for binding to either H3-H4 or H2A-H2B (Keck and Pemberton 2012; Grover et al. 2018) . For example, nucleosome assembly protein 1 (Nap1) and nucleoplasmin 1 (Npm1) are both H2A/H2Bspecific chaperones (Straube et al. 2010; Hammond et al. 2017) whereas antisilencing factor 1 (Asf1) is an H3/H4specific chaperone (English et al. 2006; Mendiratta et al. 2018) . It is currently unclear how chaperones target a certain histone variant to a specific genomic region and how mechanistically this task is achieved. Several previous studies have utilized functional proteomics approaches to identify and examine the role of histone-binding proteins (Tagami et al. 2004; Latreille et al. 2014; Hammond et al. 2017) . However, considering the complexity of chromatin assembly and gene expression regulatory layers, it is conceivable that many yet to be identified chaperones might have roles in these processes. Comparative proteomics is a powerful tool that has been widely employed to study the evolution and functional conservation of proteins (Boekhorst et al. 2008; Lotan et al. 2014) . However, the extent to which the role of previously identified histone chaperones is conserved across the eukaryotic species remains unexplored (Grover et al. 2018) .
The unicellular ciliate protozoan Tetrahymena thermophila provides an excellent experimental system to study chromatin dynamics and identify new factors involved in these processes. The T. thermophila genome is amenable to tractable alterations enabling the endogenous tagging of genes of interest. Ciliates are considered evolutionarily divergent organisms (Orias et al. 2011; Gao et al. 2016) and are therefore well-suited to examine the functional conservation of known histone chaperones. The T. thermophila single cell features a physical separation of two structurally and functionally distinct chromatin states in the form of a germ-line diploid micronucleus (MIC) and a polyploid somatic macronucleus (MAC). Functionally, the MAC regulates gene expression whereas the MIC ensures stable genetic inheritance (Martindale et al. 1982 ). The two nuclei originate from the same zygotic nucleus during sexual development (conjugation) of the cell, and subsequently embark on unique developmental pathways leading toward distinct chromatin organization within each nucleus (Martindale et al. 1982) . The alterations in the chromatin states, including DNA rearrangements and removal of internally eliminated sequences during T. thermophila development (Yao et al. 1984 (Yao et al. , 1990 (Yao et al. , 2003 Mochizuki and Gorovsky 2004) share similarities with epigenetic changes that occur to mammalian chromatin during development.
The T. thermophila genome encodes two major histone H2A genes (HTA1 and HTA2) which at the protein level are nearly identical with only three amino acid differences in the central core region (Liu et al. 1996) . Furthermore, neither HTA1 nor HTA2 alone is essential for T. thermophila vegetative growth suggesting that the function of the encoded proteins is redundant (Liu et al. 1996) . However, the C-termini of the two proteins differ significantly from each other as H2A.1 (encoded by HTA1) has an additional five residues (Liu et al. 1996) . These additional five residues include an SQ motif which is conserved across species (as in mammalian H2A.X) and provides a target site for phosphorylation by a specific protein kinase family (Song et al. 2007 ). The SQ motif phosphorylation has been shown to function in doublestrand break repair during mitosis, meiosis, and amitosis in T. thermophila (Song et al. 2007 ). Thus, T. thermophila H2A.1 can be considered an H2A.x ortholog although it differs from mammals where the H2A.X histone variant is a quantitatively minor component (Rogakou et al. 1998) . Tetrahymena thermophila H2B.1 and H2B.2, encoded by HTB1 and HTB2 respectively, are nonallelic variants of H2B and only differ at three positions. Similar to H2A, T. thermophila cells lacking either HTB1 or HTB2 alone are viable and do not exhibit any growth defects indicating the functional redundancy of H2Bs ).
The T. thermophila H2A variant Hv1 (H2A.Z and Htz1 in humans and yeast, respectively), has been found to be essential for growth (Liu et al. 1996) . Hv1 localizes to the transcriptionally active MAC during vegetative growth and is found in the MIC only during early conjugation events (Stargell et al. 1993 ), prior to the stage when MIC becomes transcriptionally active (Martindale et al. 1985) . Thus, the localization patterns of Hv1 suggest a role in transcription regulation. The mechanistic details of how Hv1 is targeted to the MAC (and MIC during early conjugation) remain elusive.
In this study, we employed a functional proteomics workflow to examine the histone-interactome for the first time in T. thermophila. Affinity purifications of T. thermophila H2A.1 (HTA1), H2B.1 (HTB1), and Hv1 followed by mass spectrometry analysis (AP-MS) revealed both new histone-interacting factors as well as a set of chaperones that have been previously identified only in Opisthokonts, indicating the evolutionarily conserved histone metabolism regulatory networks. Specifically, we identified T. thermophila FACT-, SWR-, and INO80-complexes suggesting an ancient origin for these proteins. We carried out detailed molecular evolutionary analyses of several histone-interacting proteins which further reinforced the idea that dedicated chaperones arose very early Ashraf et al. . doi:10.1093/molbev/msz039 MBE during eukaryotic evolution to regulate histone metabolism. We validated several of the identified interactions by reciprocal affinity purification coupled to mass spectrometry (AP-MS) analyses and indirect immunofluorescence (IF) studies.
Results

Identification of T. thermophila H2A/H2B-Interacting Proteome
We generated stable T. thermophila lines expressing H2A.1 (TTHERM_00790790) (H2A hereafter) and H2B.1 (TTHERM_00633360) (H2B hereafter) with a C-terminal FZZ epitope tag from their native MAC chromosomal loci. The FZZ epitope tag contains 2 protein A moieties and a 3xFLAG separated by a TEV cleavage site, permitting affinity purification of the fusion protein and analysis of the copurifying proteins by Western blotting and/or mass spectrometry. To accomplish this, we engineered constructs that included $1 kb of DNA sequence upstream and downstream of the predicted stop codons of HTA1 and HTB1. The engineered FZZ constructs (supplementary fig. 1 , Supplementary Material online) were used to transform growing T. thermophila cells using biolistic transformation. Homologous recombination mediates the gene replacement of the wild type (WT) HTA1 and HTB1 loci by FZZ constructs (Cassidy-Hanley et al. 1997) . The polyploid MAC divides amitotically and does not afford an equal segregation of alleles (reviewed by Karrer [2012] ). Homozygocity in the polyploid MAC of the transformed cells can be achieved through "phenotypic assortment" (reviewed by Karrer [2012] ). Western blotting analysis using anti-FLAG antibody demonstrated successful expression of the epitope-tagged proteins in whole-cell extracts (WCEs) from H2A-and H2B-FZZ-expressing strains, compared with the WCEs prepared from untagged control cells ( fig. 1A , left panels). To test the possibility that the presence of the FZZ tag might interfere in the localization of the tagged histones, we carried out indirect IF analysis on H2Aand H2B-FZZ in growing T. thermophila cells. Previously, H2A and H2B have been shown to localize to both the MAC and MIC (Song et al. 2007; Wang et al. 2009 ). Our IF analysis indicated that H2A-and H2B-FZZ also localize to both the MAC and MIC ( fig. 1A , right panels) supporting that the FZZ tag does not interfere with their function.
We performed affinity purification in biological replicates on H2A-and H2B-FZZ expressing strains. The recovery of the baits was confirmed by Western blotting using the affinitypurified material from either the untagged WT cells or H2Aand H2B-FZZ cells ( fig. 1B ). To define H2A/H2B protein-protein interaction (PPIs) networks, a gel-free liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) analysis was carried out using the affinity purified material. The mass spectrometry data were evaluated with SAINTexpress, which uses semiquantitative spectral counts for assigning a confidence value to individual PPIs (Teo et al. 2014) . Application of SAINTexpress to the AP-MS data for two biological replicates of H2A-and H2B-FZZ affinity purifications from growing T. thermophila cells scored against numerous control AP-MS experiments revealed several interaction partners that pass the cutoff confidence value (Bayesian FDR 1%) (supplementary file 2, Supplementary Material online).
This analysis revealed that H2A-and H2B-FZZ copurify with 14 and 17 significant interacting partners, respectively ( fig. 1C ). Three interaction partners, TTHERM_00283330, TTHERM_00049080, and TTHERM_00726470, copurified with both H2A and H2B. TTHERM_00283330 and TTHERM_00049080 proteins are the orthologs of yeast Spt16 (suppressor of Ty 16; SUPT16H in humans) and Pob3 (Pol1-binding protein; SSRP1 in humans) subunits of the FACT-complex, respectively. The FACT-complex is a wellcharacterized transcriptional regulator that functions as an H2A-H2B dimer chaperone (Belotserkovskaya et al. 2003) . The third H2A/H2B shared interacting partner TTHERM_00726470 is T. thermophila Poly [ADP-ribose] polymerase 2 (PARP2 Tt ). PARPs are functionally diverse proteins with critical roles in chromatin architecture, mRNA processing and histone ADP-ribosylation (Hassa and Hottiger 2008) .
We also identified TTHERM_00429890 as an interaction partner for H2A-FZZ. TTHERM_00429890 shares sequence similarity with a known human H2A/H2B chaperone protooncogene NPM1 (Okuwaki et al. 2001 ), suggesting a conserved histone-binding function for this protein. The remaining H2A-FZZ copurifying proteins include a Tetrahymena-specific protein TTHERM_00242240 which does not have an identifiable ortholog in any other organism, a DNA-binding AT-Hook domain protein, a VWA domaincontaining protein, a MutS family protein which shares sequence similarity with yeast MSH6, a POZ domain protein, histones H2B, H3, H4, and two PARPs including PARP6 Tt and PARP3 Tt (fig. 1C ).
The T. thermophila genome encodes at least 13 importin (imp) aand 11 impb-like proteins (Malone et al. 2008) . Our SAINTexpress analysis indicated that H2B copurifies with TTHERM_00962200 which encodes an Impb6 protein. We previously have shown that Impb6 interacts with Asf1 and likely functions in the H3/H4 transport pathway (Garg et al. 2013 ). Among the interacting partners detected for H2B-FZZ, were three hypothetical proteins: TTHERM_00532520, TTHERM_00657290, and THERM_00648920. TTHERM_00532520 is a ciliate-specific protein with an ortholog in Paramecium tetrarelia without any recognizable domains, whereas TTHERM_00657290 appears to carry an SMC-N terminal domain suggesting a role in chromatin structural maintenance. THERM_00648920 is a predicted $32 kDa Tetrahymenaspecific protein which has several stretches of acidic residues similar to other histone chaperones, for example, NPMs. We named THERM_00648920 as "histone-interacting acidic protein 1" (Hiap1). Additionally, other notable H2B-FZZ copurifying proteins include a Basic Leucine Zipper Domain-transcription factor (bZIP1), an Alba2-domain DNA-binding protein, DExD/H box RNA helicase Drh29, Mak21, an apoptosis-antagonizing transcription factor AATF, an ARM-repeat protein, and an MutS family protein We utilized publicly available microarray expression data to compare gene expression profiles of H2A and H2B with those of the genes encoding their copurifying proteins. As expected, H2A, H2B, H3, and H4 cluster together due to their similar expression profiles in S-phase (supplementary fig. 2A FIG. 1. H2A-FZZ and H2B-FZZ expression and affinity purification. (A) Left panels: Expression analysis of H2A-FZZ (H2A $14.77 kDa þ FZZ $18 kDa) and H2B-FZZ in comparison to the untagged controls by Western blotting using WCEs. Blots were probed with anti-FLAG antibody for FZZ detection whereas anti-Actin and anti-Brg1 (146 kDa) were used as loading controls. Right panels: H2A-and H2B-FZZ localize to both MAC and MIC. Note: For H2A-FZZ IF images, the lower panel demonstrates dividing cells. DAPI was used to stain the nuclei and the position of the MAC and MIC is indicated with arrows and arrow-heads, respectively. (B) Western blotting analysis indicating the recovery of the affinity purified (AP) H2A-FZZ (left) and H2B-FZZ (right). The top panels were probed with anti-FLAG antibody to examine the recovery of the baits. No signal was detected in the WT. Anti-Actin and anti-Brg1 were used as loading controls. Two bands in the H2A-FZZ input likely represent dimers. (C) Network representation of H2A-and H2B-FZZ copurifying proteins. Node border legend is provided. The MS data were searched against the Tetrahymena Genome Database (www.ciliate.org; last accessed September 24, 2018) (TGD). Full-length protein sequences were retrieved from TGD and searched against yeast or human proteins to annotate them (see Materials and Methods for details). Ashraf et al. . doi:10.1093/molbev/msz039 MBE and B, Supplementary Material online). Spt16 Tt and Pob3 Tt also clustered with H2A and H2B, consistent with a role of the FACT-complex in histone metabolism. In addition, PARP6 Tt , PARP3 Tt , Poz, Msh2, Hiap1, and Impb6 also exhibited similarities in their expression profiles with those of the H2A and H2B (supplementary fig. 2A and B, Supplementary Material online), suggesting functional linkage of these proteins with histones. The observation that putative T. thermophila FACT-complex subunits, PARPs, and NPM1-like proteins copurify with H2A-H2B suggests an evolutionarily conserved role of these proteins in histone metabolism. Considering their central role in a number of chromatin-related processes and relevance to human diseases we further characterized these proteins.
The FACT-Complex Is Conserved across Eukaryotes
The FACT-complex is a critical transcription regulator and an H2A/H2B chaperone (Mason and Struhl 2003; Hsieh et al. 2013) . The copurification of the putative FACT-complex subunits with H2A-and H2B-FZZ in an evolutionarily divergent eukaryote highlights the conserved nature of its role in chromatin-related processes. However, evidence regarding the origin of the FACT-complex is currently lacking. To gauge the evolutionary history of the FACT-complex, we carried out extensive database searches and identified the putative orthologs of the FACT subunits, that is, Spt16 and Pob3, throughout the eukaryotic supergroups including the basal eukaryote Giardia lamblia (supplementary file 1, Supplementary Material online). This suggests that Spt16 and Pob3 were already present in the last eukaryotic common ancestor. Given that FACT subunits were likely present in the last eukaryotic common ancestor, we wanted to further examine their evolutionary patterns, and reconstructed the phylogenetic trees of Spt16 and Pob3. Clustering in the resulting phylogenetic trees ( fig. 2A ) appears highly similar to that of the eukaryotic classification system (Adl et al. 2012 ). Both proteins, that is, Spt16 and Pob3, follow nearly identical phylogenetic paths with a few minor exceptions. For example, the amoebozoan lineages corresponding to Pob3 form a monophyletic group below the metazoans whereas Spt16 amoebozoans take a basal position below the opisthokonts ( fig. 2A ). Such differences likely represent the isolated cases where lineage-specific functional constraints might have been operating on both proteins independently of each other. Nevertheless, similarities in the phylogenetic histories strongly suggest that both proteins together experienced strong purifying selection to retain their structural and functional features. To examine the selective constraints operating on the FACT-complex, we used nucleotide coding sequences of Spt16 and Pob3 from the representative lineages and carried out codon-based Z-test of selection by comparing synonymous and nonsynonymous variations. We found extensive synonymous variations that were considerably higher than nonsynonymous variations (P < 0.001) in all comparisons for both Spt16 and Pob3 indicating the presence of purifying selection (supplementary file 3, Supplementary Material online). Extensive silent variations that we observed at the nucleotide level also resulted in a subsequent overall decrease in codon usage bias (supplementary file 3, Supplementary Material online), consistent with the idea of strong functional constraints operating at the protein level. Previous highthroughput studies have reported the phosphorylation of human and mouse Spt16 and Pob3 at highly conserved serine residues (supplementary file 3, Supplementary Material online). Interestingly, we found that the serine residues in Spt16 are preferentially encoded by the codon UCU across all the taxa. For Pob3 serine residues, "AGC" is the preferred codon within Opisthokonts whereas UCU and AGU are preferentially used in plants and protist lineages (supplementary file 3, Supplementary Material online). These results indicate the strong purifying selection operating not only at the protein level to maintain the structural features but also by the usage of preferred codons for functionally important positions.
Spt16 contains a signature Spt16_domain (SMART accession: SM001286), an N-terminal lobe (SM001285), a peptidase (pfam: PF00557), and an Rtt106 domain (SM001287) which is also found in Pob3 ( fig. 2B , left). The "peptidase" and Rtt106 domains are known to function as histone-binding modules (Stuwe et al. 2008; Zunder et al. 2012) . We examined the structural features of the Spt16 Tt and Pob3 Tt . We aligned Spt16 Tt and Pob3 Tt against budding yeast and human homologs and observed that the domain organization in both proteins is highly conserved ( fig. 2B , left). In fact, Spt16 Tt and Pob3 Tt , respectively, exhibit more than 30% and 20% sequence identities to their homologs both in the budding yeast and humans. Of note, Pob3 in tetrapods has gained a high-mobility group (HMG) domain whereas unicellular eukaryotes, for example, budding yeast, FACT-complex interact with an HMG protein Nhp6 to provide the same activity (Formosa et al. 2001 ). Ciliates and humans diverged $1,781 Ma (Kumar et al. 2017) , and such a degree of sequence and structural conservation points toward possible functional similarities that might exist among the distant homologs. To further investigate this possibility, we used the strategy described above to engineer T. thermophila cells stably expressing C-terminally epitope tagged Spt16 Tt -FZZ from its native chromosomal locus (fig. 2B, right). As shown in figure 2B (lower panel), Spt16 Tt -FZZ localizes to both the MAC and MIC in growing T. thermophila cells. Affinity purification on growing Spt16 Tt -FZZ strains and SAINTexpress analysis of the LC-MS/MS data confirmed the copurification of Pob3 Tt with Spt16 Tt -FZZ (supplementary file 2, Supplementary Material online). We also detected two subunits of RNA polymerase I and III (RNAP) Rpac1 and Rpa2, consistent with a role in transcription regulation. Additionally, a T. thermophila-specific TTHERM_01046850 protein also copurified with Spt16 Tt . TTHERM_01046850 encodes a predicted $53 kDa protein and does not have any identifiable domains. We named this protein as "FACT-interacting mysterious protein 1" (Fimp1) (supplementary file 2, Supplementary Material online, for all Spt16 Tt interactions). Consistent with their copurification, Spt16 Tt and Pob3 Tt share nearly identical gene expression profiles. Similarly, Fimp1 also clusters along with the FACT-complex (supplementary fig. 3 , Supplementary Material online). Further analysis will be required to understand the mechanistic details of Fimp1
Proteomic Analysis of Histones H2A/H2B and Variant Hv1 in T. thermophila . doi:10.1093/molbev/msz039 MBE interaction with the FACT-complex. We conclude that Spt16 Tt and Pob3 Tt constitute the T. thermophila FACT-complex with possible roles in histone H2A/H2B chaperoning and transcription regulation.
PARP Proteins in T. thermophila
The observation that certain PARPs copurified with histones ( fig. 1C ) prompted us to examine the full repertoire of PARP proteins in T. thermophila. Our query against the T. thermophila genome database using human PARP1 identified at least 11 proteins with a PARP-catalytic (PF0064) domain ( fig. 3A , right). Multiple sequence alignment indicated that catalytic residues (HYE) within PARP-catalytic domains are highly conserved with the exception of PARPs7-9 where the third residue aspartic acid (E) has been mutated ( fig. 3B ). These observations suggest that at least some of these PARPs might 
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Human_Parp1 be catalytically active. Based on the domain architecture and phylogenetic analysis ( fig. 3A, left) , we assigned these putative PARPs into subgroups and established a systematic nomenclature. Notably, PARP1 to PARP5 appear closely related to each other consistent with their similar domain architecture. Expression analysis using publicly available RNA-seq and microarray data showed that the T. thermophila PARPs have distinct expression profiles (supplementary fig. 4A and B, Supplementary Material online). Most of the PARPs are weakly expressed during vegetative growth with the exception of PARP4 and PARP6 ( fig. 4A ). PARP7 and PARP8 are highly expressed during starvation whereas PARP1, 2, and 4 have relatively higher expression levels during late developmental stages (14-16 h postmixing) ( fig. 4A; supplementary  fig. 4A and B, Supplementary Material online) . This suggests that PARP expression levels are tightly coordinated during growth and various developmental stages. In vertebrates PARP proteins, including human PARP1, also contain PADR (PF08063) and zinc finger (zf)-PARP domains (PF00645). The zf-PARP domain binds to DNA, whereas the function of the PADR1 domain remains unknown (Citarelli et al. 2010) . Interestingly, none of the T. thermophila putative PARPs carries any PADR1 and zf-PARP domains. Instead, we identified six additional proteins carrying PADR1 and zf-PARP domains (supplementary fig. 4C , Supplementary Material online). Thus, T. thermophila PARPs might require additional protein factors for their proper functioning. Among the identified PARP proteins, PARP6 Tt (THERM_00502600), which copurified with H2A, piqued our interest due to its unique domain architecture. PARP6 Tt contains 25 tandem ankyrin repeats (ANK) as well as two DNA binding AT-hook domains in addition to the PARP-catalytic and PARP-regulatory (PF02877) domains ( fig. 3A ). This domain organization is unique to Amoebozoa (Dictyostelium), Opisthokonta (fungi), and Chromalveolates (ciliates) and has been categorized as the PARP1 subfamily (Citarelli et al. 2010) . Interestingly, human PARP5a, b (known as Tankyrase 1 and 2, respectively), also contain tandem ANK repeats as well as a PARP-catalytic domain but lack PARPregulatory and AT-hook domains. Tankyrase 1 and 2 function in maintenance of telomeres (Chiang et al. 2008) . To gain functional insights, we generated a strain of T. thermophila stably expressing PARP6 Tt -FZZ from its native MAC locus ( fig. 4A, right) . We performed AP-MS analysis on growing cells to investigate the PARP6 Tt -interacting proteins. The recovery of the bait was examined using Western blotting analysis ( fig. 4A, right) . The SAINTexpress analysis revealed nine high-confidence PARP6 Tt -FZZ copurifying proteins including histone H2A. Additionally, H3 and ribosomal proteins were identified as PARP6 Tt -FZZ copurifying partners (see supplementary file 2, Supplementary Material online, for details). The copurification of H2A with PARP6 Tt -FZZ reciprocally verifies the interaction between the two proteins. PARP6 Tt and histones H2A and H3 cluster together based on their gene expression profiles further indicating a role of PARP6 Tt in histone metabolism (supplementary fig. 4D , Supplementary Material online). PARP6 Tt is expressed throughout the T. thermophila life cycle with relatively low expression levels during early conjugation (1-2 h postmixing the cells) as examined by using previously published expression data ( fig. 4A, left) (Miao et al. 2009; Xiong et al. 2012 ). The expression levels increase between 6 and 8 h postmixing, a time of new MAC development. We performed IF staining in growing and conjugating T. thermophila cells to examine the PARP6 Tt -FZZ localization during development. PARP6 Tt -FZZ localized to both the MAC and MIC in growing and starved T. thermophila (fig. 4B) . Interestingly, we observed that PARP6 Tt -FZZ loses signal in the MIC and localizes exclusively to the MAC during conjugation when the cells have formed pairs ( fig. 4B ). More specifically it localizes to the parental MAC during early nuclear developmental stages including meiosis before switching to the anlagen which corresponds to midway through development (fig. 4B ). The localization of PARP6 Tt -FZZ in the parental MAC is lost at the onset of MAC development, a stage where the two anterior nuclei (the anlagen) have become visibly larger than the posterior nuclei ( fig. 4B ). This pattern of localization is strikingly similar to that of Ibd1 (Interactive Bromo-Domain protein 1) protein which we recently reported to function as a recruitment hub for various transcription regulators and chromatin remodeling complexes (Saettone et al. 2018) . The PARP6 Tt subcellular localization appears to correlate with transcriptional activity during nuclear development. Further studies will be needed to explore the role of PARP6 Tt in transcription regulation and histone metabolism.
Nucleoplasmin Has an Ancient Origin NPM-family proteins are histone H2A/H2B chaperones with critical roles in various cellular processes (Box et al. 2016 ). NPM-family proteins have been linked to a number of human diseases, including acute myeloid leukemia, and are the subject of anticancer drug development (Box et al. 2016) . Previous work has shown that among vertebrates the NPM-family has greatly diversified giving rise to three members (NPM1-3) whereas invertebrates, such as Drosophila, contain only a single Npm-like protein (NLP) (Eir ın-L opez et al. 2006) . To date, no orthologs have been detected in Arabidopsis thaliana, Saccharomyces cerevisiae, or Caenorhabditis elegans. Little is known however about the evolution and origin of NPM proteins, and as such they have not been studied in unicellular model organisms. Deciphering the evolutionary history often provides meaningful insights into protein function. To trace their evolutionary origin, we carried out database searches and identified putative NPM homologs throughout the basal unicellular eukaryotes, including chromalveolates and excavates (supplementary file 1, Supplementary Material online). We reconstructed a protein phylogeny using the identified homologs and found that these proteins have a monophyletic origin and share a common ancestry ( fig. 5A) . Importantly, the identification of NPM homologs in the earliest branching eukaryotes, such as kinetoplastids, confirms an ancient origin of this protein family.
Proteomic Analysis of Histones H2A/H2B and Variant Hv1 in T. thermophila . doi:10.1093/molbev/msz039 MBE Drosophila NLP (dNLP) also binds H2A/H2B dimers and assembles histone octamers (Namboodiri et al. 2003) , suggesting functional conservation among distantly related family members. To gain functional insights, we compared the structural features of the putative T. thermophila Npm1 with those of human NPMs and dNLP. We observed that T. thermophila Npm1 domain organization is highly conserved and nearly identical to that of human NPM1 (fig. 5B , left). In fact, the T. thermophila Npm1 predicted N-terminal core domain can be structurally superimposed to that of the human NPM1 ( fig. 5B, right) . We named the putative T. thermophila homolog as conserved nucleoplasmin-like 1 (cNpl1). We engineered T. thermophila cell lines stably expressing cNPL1-FZZ from its native chromosomal locus. The expression of the tagged protein was examined by Western blotting (fig. 5C, left) Nucleolar localization signal is denoted as NoLS. NPM core N-terminal domain (PF03066) is shown in light blue, and the C-terminal region is shown in red accent color. Note: cNpl1 Tt NoLS was predicted using the "NOD" web server (http://www.compbio.dundee.ac.uk/www-nod/index.jsp; last accessed September 24, 2018). Right: Cartoon diagram shows the predicted structure of the cNpl1 core domain in rainbow color. The predicted cNpl1 Tt structure shown in rainbow color was superimposed with the human NPM1 crystal structure (PDB ID: 2P1B) depicted in violet backbone format. N-and C-termini are indicated. (C) Left: Expression analysis of cNpl1 Tt -FZZ (cNPL1 $40 kDa þ FZZ $18 kDa) in comparison to the untagged controls by Western blotting using WCEs. Blot was probed with anti-FLAG antibody for FZZ detection, whereas anti-Actin was used as a loading control. Right: Indirect IF analysis of cNpl1 Tt -FZZ. cNpl1 Tt primarily localizes to MAC. No signal was detected in the untagged control cells. DAPI was used to stain the nuclei. Arrows represent MAC, whereas arrow heads denote MIC. Ashraf et al. . doi:10.1093/molbev/msz039 MBE successfully recovered the bait (not shown) without any other significant interaction partners (see Discussion). IF analysis showed that cNpl1 Tt primarily localizes to the transcriptionally active MAC ( fig. 5C, right) , consistent with known roles of human NPM1 in transcription-and chromatinrelated processes. We conclude that NPMs are a structurally/functionally conserved family of proteins which arose very early during the eukaryotic diversification.
Identification of T. thermophila Hv1-Interacting Proteome
We next focused on delineating the PPIs of transcription associated histone H2A variant Hv1 (H2A.Z in humans) in T. thermophila. We utilized our above described strategy to generate T. thermophila strains stably expressing Hv1-FZZ from their native MAC locus. The expression of the tagged protein was monitored by Western blotting analysis using WCEs prepared from Hv1-FZZ expressing cells in comparison to the untagged control cell lysates ( fig. 6A, left) . Hv1 has previously been reported to exclusively localize to the MAC during growth (Stargell et al. 1993) . Our IF analysis of the Hv1-FZZ expressing cells showed an exclusive MAC signal indicating that the FZZ tag does not interfere with the protein localization ( fig. 6B) .
We subjected the Hv1-FZZ expressing cells to our AP-MS pipeline. Recovery of the bait was monitored by Western blotting ( fig. 6A, right) . SAINTexpress analysis of the LC-MS/MS data revealed that Hv1 copurifies with 106 significant interacting partners (BFDR 1%). We annotated these hits either by homology searches against the S. cerevisiae and human genomes or by using T. thermophila genome database annotations (supplementary file 2, Supplementary Material online, for annotations and conservation of interaction data; fig. 6C ). ATP-dependent chromatin-remodeling complexes including SWR-and INO80-complexes are known to antagonistically modulate H2A.Z (Htz1 in yeast) dynamics. The SWR-C is specialized to deposit H2A.Z onto chromatin (Krogan et al. 2003; Kobor et al. 2004) whereas INO80-C mediates the reverse of this reaction (Papamichos-Chronakis et al. 2011), mainly at nonpromoter sites (reviewed by Gerhold and Gasser [2014] ). Both the SWR-C and INO80-C have several shared as well as distinct subunits (reviewed by Gerhold and Gasser [2014] ). Interestingly, SAINTexpress analysis of the Hv1-FZZ AP-MS data revealed the copurification of a set of proteins that based on similarity to S. cerevisiae orthologs comprise the putative subunits of T. thermophila INO80-C and SWR1-C. The identified INO80-C putative subunits include Arp8, Actin1 (also shared with SWR-C), Yuh1, and Ino80 ( fig. 6C ). In addition, we also identified the RuvB1 (also shared with SWR-C) and Ies2 subunits of the INO80-C, albeit at a slightly relaxed SAINTexpress value (BFDR 3%). We have recently purified T. thermophila SWR-C via Swc4-FZZ and identified at least 12 subunits (Saettone et al. 2018 ). In addition to Actin1 and RuvB1, SAINTexpress identified Swr1, Swc2, and Arp5 subunits of SWR-C as high confidence interacting proteins ( fig. 6C) . These data indicate that Hv1 deposition and eviction from the chromatin are tightly regulated by a highly conserved network of chromatin-remodeling complexes.
Other high-confidence Hv1 copurifying proteins with chromatin-related functions (inferred by sequence similarity to proteins in yeast and humans) could be broadly divided into four groups: 1) putative transcription and chromatin assembly regulators including, Spt16 and Pob3 (FACT-complex), Spt6, Cys2-His2 zf transcription factor ZAP1, TAF6, HMG protein Ixr1, transcription factors bZIP1 and bZIP2; 2) chromatin remodeling SWI/SNF complex subunits Swi3 and Snf12; 3) PARP proteins including PARP1, PARP2, and PARP5; and 4) proteins with various DNA-and RNA-related functions such as putative Alba2 DNA-binding protein, RNA-helicases, and topoisomerases ( fig. 6C ). Furthermore, we also identified a POZ-domain protein, Hiap1 and 8 additional Tetrahymenaspecific hypothetical proteins without any recognizable domains. We named these proteins as "hypothetical histone copurifying proteins (HHCP1-8)" (fig. 6C ) (see supplementary file 2, Supplementary Material online, for conserved and novel interactions).
We clustered the Hv1-FZZ copurifying proteins based on their gene expression profiles (supplementary fig. 5 , Supplementary Material online). Our analysis suggests that proteins with key roles in histone metabolism, such as histone chaperones, share highly similar expression profiles and cluster together with Hv1 whereas factors with diverse functions (as inferred by similarities with yeast or human proteins) such as RNA-helicases, topoisomerases, and kinases are less likely to have expression patterns comparable with those of the histones (supplementary fig. 5, Supplementary Material online) . Notably, consistent with their known role(s) in histone metabolism, INO80-C, SWR1-C, FACT-complex, Spt6, and SWI/ SNF-complex subunits cluster together with Hv1 due to their very similar gene expression profiles, further reinforcing the idea that these proteins are functionally conserved in T. thermophila. We conclude that variant Hv1 in T. thermophila forms several functional links that might influence the transcriptional landscape of the cell, and furthermore, Hv1 distribution along the chromatin is regulated via a highly conserved network of chaperones.
Discussion
Although the deposition complexes for histones H2A/H2B and H2A variant H2A.Z have been identified (Zhang et al. 2017) , information regarding the histone chaperoning network(s) outside of Opisthokonta remains limited. Considering the complexity of the histone deposition pathways, new factors are likely to be found to have key roles in these processes. Tetrahymena thermophila is an evolutionarily divergent unicellular eukaryote and is particularly suitable to study histone dynamics (Orias et al. 2011; Gao et al. 2016) . In fact, initial clues regarding the transcription-related role(s) of H2A variants emerged from T. thermophila following the observations that Hv1 resides within the transcriptionally active nuclei (Martindale et al. 1985; Stargell et al. 1993 ). As per our ongoing efforts to understand the histone deposition pathways, here we report the first comprehensive PPI network for H2A, its variant Hv1 and H2B in T. thermophila.
Ancient Histone Chaperones
An interesting outcome of our work is that T. thermophila histones H2A (Hv1)/H2B are connected to a network of highly conserved chaperones and karyopherins. We have previously reported that Impb6 physically interacts with Asf1 both of which localize to both MAC and MIC with a significantly stronger signal in the MIC indicating that Impb6 functions in the H3/H4 transport pathway (Garg et al. 2013) . The copurification of Impb6 with H2B highlights the idea that it might be a more generalized karyopherin in T. thermophila for core histone transport pathways. It will be important to test this hypothesis by depleting Impb6 and determining whether core histone can enter the MAC or MIC. Apart from cNpl1 which was found exclusively in the MAC, most of the H2A and H2B interacting partners that we characterized in this work localized to both the MAC and MIC. We expect RD histone-binding proteins to be found in the MAC and MIC as core histones are found within both nuclei (Song et al. 2007; Wang et al. 2009 ). The variant Hv1 is known to have nuclear-specific functions (Martindale et al. 1985; Stargell et al. 1993) . We found that another karyopherin Impb3 (TTHERM_00550700) copurified with Hv1 (though it fell below our stringent confidence threshold), and like Hv1, it localizes to MAC only (supplementary fig. 6 , Supplementary Material online) consistent with a functional link between the two proteins. We suggest that transport of T. thermophila H2A (Hv1)/H2B to the nuclei and their subsequent assembly onto chromatin is mediated by an interplay among conserved karyopherins, histone chaperones, and chromatin-remodeling complexes ( fig. 7) , consistent with what has been proposed in humans and yeast. It will be important to determine the complete PPI networks for Impb6 and Impb3 whether by AP-MS or orthogonal methods such as Bio-ID. Future work should focus on understanding the nuclear-specific, replication-independent, chromatin assembly pathways and the role of chaperones, such as cNpl1, in these processes.
Numerous chaperones such as NASP, NPMs, and yeast Asf1 possess long acidic stretches, consistent with their potential to bind basic histones (reviewed by De Koning et al. [2007] ). Hiap1 Tt also possesses several acidic stretches with an overall net negative charge (not shown), suggesting a possibility to function as a histone-binding protein. We suggest that Hiap1 functions as an H2A/H2B chaperone in T. thermophila. It is also worthwhile to note here that the T. thermophila ortholog of Nap1 also copurified with H2B and Hv1 (though it fell below our high-confidence threshold). Nap1 is a histone chaperone with a known function in H2A/H2B transport (Mosammaparast et al. 2002) . Further work beyond the scope of this report will be required to examine the role of T. thermophila Nap1 and Hiap1 proteins in H2A/H2B metabolism. It will be important to express Hiap1 as a recombinant protein and examine whether it binds histones.
We have previously reported that histone chaperones including Asf1 and NASP are highly conserved throughout evolution (Nabeel-Shah et al. 2014) , likely representing innovations to specifically regulate eukaryotic H3/H4 dynamics. Our present study has highlighted several aspects regarding the conserved nature of chromatin-remodeling and H2A/ H2B assembly complexes. The FACT-complex is of particular interest due to its important roles in chromatin-and transcription-related processes. FACT is a histone chaperone and facilitates transcription elongation by colocalizing with RNAPII (Mason and Struhl 2003) . Our evolutionary analysis indicated that FACT was already present in the last common ancestor of all eukaryotes indicating its functional importance. The similarities between the FACT evolutionary profile and the species phylogeny highlight the role of histone chaperones in eukaryotic evolution. This hypothesis is consistent Proteomic Analysis of Histones H2A/H2B and Variant Hv1 in T. thermophila . doi:10.1093/molbev/msz039 MBE with previous work indicating that chromatin architectural HMG protein (Gonz alez-Romero et al. 2015 ), histones (Eir ın-L opez et al. 2012 and their chaperones including Asf1, NASP (Nabeel-Shah et al. 2014 ), NPMs (Eir ın-L opez et al. 2006 Frehlick et al. 2007 ) might have played critical roles during eukaryotic evolution. Previous work has shown that T. thermophila Spt16 Tt associates with transcriptionally active MAC chromatin in vitro (Fujiu and Numata 2004) . Consistent with a role in transcription, we also found that Spt16 Tt stably interacts with RNA polymerase subunits and localizes to the MAC. Spt16 Tt localization to MIC likely represents transcription-independent function(s) of the FACTcomplex. Consistent with this hypothesis, FACT also functions in an array of processes including DNA replication and repair (Charles Yang et al. 2016; Kurat et al. 2017 ).
The T. thermophila genome encodes TTHERM_00216040 which shares sequence similarity to yeast HMG domaincontaining protein Nhp6. We did not recover any HMG protein to copurify with Spt16 Tt (when enforcing an FDR cut-off of 1%). Our comparative analysis indicated that Pob3 within vertebrates, arthropods, tunicates, and plants carries an HMG domain whereas lineages representing fungi, amoebazoa, ciliates, apicomplexa, and excavatas do not possess this domain. We suggest that HMG was not present in the ancestral FACTcomplex and was later acquired to meet the demands of complex regulatory layers of chromatin.
Human NPM1 is known to function in an array of processes, including histone chaperoning, chromatin remodeling, transcription regulation, genome stability, apoptosis, and embryogenesis (Okuwaki et al. 2001; Grisendi et al. 2005; Swaminathan et al. 2005; Box et al. 2016) . Owing to its loss in widely studied eukaryotic microbial model organisms (e.g., S. cerevisiae), previous studies have been restricted to cultured cells. Furthermore, earlier attempts to decipher the evolutionary history of the NPMs have been limited to metazoans (Eir ın-L opez et al. 2006) . Our finding that cNpl1 Tt copurifies with H2A in T. thermophila combined with the observations that NPMs are highly conserved throughout the basal eukaryotes paves the way to study their function in easily tractable eukaryotic model organisms. Human NPM1 is thought to have key roles in cell cycle regulation (Zhao et al. 2015; Pfister and D'Mello 2016) . Tetrahymena thermophila cells lacking Cyc2 and Cyc17 are arrested at early crescent ($2-3.5 h postmixing) and diakinesis-like metaphase I ($5 h postmeiotic induction) stages of meiosis, respectively Yan et al. 2016) . Interestingly, cNpl1 Tt expression levels are significantly upregulated at these meiotic stages in Cyc2 and Cyc17 knockouts as examined using publicly available RNA-seq data (supplementary fig. 7 , Supplementary Material online). This suggests a role for cNpl1 Tt in cell cycle regulation. Our AP-MS experiments using cNpl1-FZZ successfully recovered the bait; however, further work is required to reveal the full scope of its interactions and unravel potential role(s) during development. To this end, carrying out BioID, an orthogonal approach to AP-MS that identifies proteins proximal to the bait in the cell (Kim et al. 2016 ) during growth and development will be informative and is in progress.
Role of PARPs in Histone Metabolism
Our study also implicates PARPs in histone metabolism. PARPs are functionally diverse proteins with critical roles in a number of processes including DNA break repair (Langelier et al. 2012) , cell cycle regulation (Masutani et al. 1995) , mRNA binding (Melikishvili et al. 2017) , transcription regulation (Ko and Ren 2012; Chen et al. 2014) , and maintenance of chromatin architecture (for review Bai 2015) . The observation that the T. thermophila genome encodes 11 putative PARPs and their expression is temporally regulated suggests that these proteins might be important for distinct cellular processes during various stages of the Tetrahymena life cycle. Previous studies have reported that T. thermophila histones are highly ADP-ribosylated (Levy-Wilson 1983) . It was recently reported that in humans newly synthesized histones H3/H4 carry poly (ADP-ribosylated) marks (Alvarez et al. 2011) . In this study, it was proposed that poly (ADP-ribosylation) might help to keep histones H3 and H4 folded in the absence of the other histones (Alvarez et al. 2011) . The copurification of certain PARPs with histones in T. thermophila is consistent with these earlier findings. Another hypothesis is that certain T. thermophila PARPs might function as well as a histone chaperone similar to what has been shown for human PARP1 (Muthurajan et al. 2014 ). PARP6 Tt is of particular interest due to its domain architecture and expression patterns. The PARP6 Tt contains 25 tandem ANK repeats similar to its distantly related human Tankyrases 1 and 2 which function in telomere maintenance (Chiang et al. 2008 ). The PARP6 Tt localization pattern during early conjugation correlates with the transcriptional state of the nuclei, suggesting a role in transcription regulation. As the human tankyrases are actively being pursued as drug targets, it will be informative to further examine the PARP6 Tt functions through phenotypic analysis of a PARP6 Tt knockout.
Conserved Regulatory Network for Variant Hv1
The T. thermophila H2A variant Hv1 localization profile has been reported to be correlated with the transcriptional state of the nuclei (Stargell et al. 1993) . Consistently, recent genome-wide studies reported a strong enrichment of Hv1 near the transcription start sites (Wang et al. 2017 ). The SWRand INO80-complexes are known to function antagonistically to regulate the Htz1 (or H2A.Z in humans) chromatin occupancy (Gerhold and Gasser 2014) . We suggest that similar to humans and yeast, T. thermophila Hv1 chromatin occupancy is guided by evolutionarily conserved SWR-and INO80complexes. Based on expression profiles, the subunits of SWR-and INO80-complexes cluster with Hv1 supporting their functional link. Our recent report suggests that a bromo-domain protein Ibd1 in T. thermophila might be responsible for recruiting SWR-complex to highly expressed genes (Saettone et al. 2018) . Tetrahymena thermophila encodes at least 14 bromo-domain proteins, and it will be interesting to examine the potential role of bromo-domain proteins in INO-80 recruitment/function.
In addition to the FACT-complex, Spt6 Tt was also recovered as a significant interacting protein in Hv1 AP-MS data. Saccharomyces cerevisiae Spt6 has a well-documented role as Ashraf et al. . doi:10.1093/molbev/msz039 MBE a histone chaperone during transcription (Bortvin and Winston 1996; Hartzog et al. 1998) . Spt6 physically interacts with RNAPII and functions to reassemble nucleosomes in the wake of RNAPII passage (Kaplan et al. 2003) . Recent evidence indicates that the FACT-complex and Spt6 inhibit the widespread chromatin incorporation of H2A.Z by preventing the pervasive recruitment of SWR-C to gene bodies (Jeronimo et al. 2015) . The copurification of Spt6 Tt with Hv1 suggests that Spt6 Tt might have similar functions to regulate the transcription and safeguard the Hv1 occupancy across chromatin. The observation that Spt6 Tt and FACT-complex have very similar expression profiles further reinforces the possibility that these proteins are functionally linked. Spt6 Tt knockout analysis followed by monitoring SWR-C and Hv1 chromatin occupancy will be instrumental to test this hypothesis.
Conclusions
Our study has provided the first comprehensive view of T. thermophila histones H2A, variant Hv1 and H2B proteininteraction networks. Providing new insights into ciliates' histone metabolism, our study also highlighted the conserved nature of chromatin regulatory networks involving H2A (Hv1)-H2B-specific chaperones, thus underscoring the broad utility of these results. Further work is warranted to understand the mechanistic details of conserved chaperones and chromatin-remodeling complexes that we have identified here.
Materials and Methods
Cell Strains
Tetrahymena thermophila strains CU428 [Mpr/Mpr (VII, mps)] and B2086 [Mpr þ /Mpr þ (II, mp-s)] of inbreeding line B were obtained from the Tetrahymena Stock Center, Cornell University, Ithaca, NY (http://tetrahymena.vet.cornell.edu/). Cells cultured in 1 Â SPP were maintained axenically at 30 C as previously described (Fillingham et al. 2001 ).
Bioinformatics and Molecular Evolutionary Analyses
Amino acid sequences for yeast Spt16, Pob3, and human NPM1 were acquired from the UniprotKB and were used as a query to search the NCBI nonredundant database using PSI-BLAST with default parameters. Protein sequences retrieved were analyzed at the Pfam (http://pfam.sanger.ac. uk/; last accessed September 24, 2018) (Finn et al. 2016) and SMART (http://smart.embl-heidelberg.de/; last accessed September 24, 2018) (Letunic and Bork 2018) databases to examine the domain architecture (supplementary file S1, Supplementary Material online, for accession numbers). To reconstruct a protein phylogeny, we used amino acid sequences of the identified conserved domains (as identified by SMART analysis) present within Spt16 (FACT-Spt16_Nlob, Peptidase_M24 (PF00557), Spt16 signature and Rtt106 domains), and Pob3 (SSrecog [PF03531] and Rtt106 domain) orthologs. For the NPM-family phylogeny, complete protein sequences were used. For phylogenetic trees, we also included all the paralogous genes that were identified within a given species. Multiple sequence alignments were built using MUSCLE with default parameters. All protein phylogenetic analyses were carried out using the maximum likelihood (ML) method under LGþG model using MEGA 7 (Kumar et al. 2016) . The reliability of the resulting phylogenetic trees was assessed using the bootstrap method (1,000 replicas for each tree). cNpl1 structural prediction and superimposition were carried out using I-TASSER server (Yang et al. 2015) . Molecular evolutionary analyses were carried out using MEGA 7 (Kumar et al. 2016) . To identify putative PARPs, we used the human PARP1 catalytic domain amino acid sequence as a query against the T. thermophila genome. (Please refer to supplementary methods, Supplementary Material online, for further details on molecular evolutionary analyses for Spt16, Pob3, and PARPs.)
Macronuclear Gene Replacement
Epitope tagging vectors for H2A, H2B, Hv1, Spt16 Tt , Parp6 Tt , cNpl1, and Impb3 were constructed by amplifying two separate $1-kb fragments up-and downstream of the predicted stop codons using WT T. thermophila genomic DNA as template. Upstream and downstream PCR products were digested with KpnI and XhoI or NotI and SacI, respectively. The digested products were cloned into the appropriate sites within the tagging vector (pBKS-FZZ) provided by Dr Kathleen Collins (University of California, Berkeley, CA). The resulting plasmid was again digested with KpnI and SacI prior to transformation. One micrometer gold particles (60 mg/ml; Bio-Rad) were coated with 5 lg of the digested plasmid DNA which was subsequently introduced into the T. thermophila MAC using biolistic transformation with a PDS-1000/He Biolistic particle delivery system (Bio-Rad). The transformants were selected using paromomycin (60 lg/ml). To achieve MAC homozygousity, cells were grown in increasing concentrations of paromomycin to a final concentration of 1 mg/ml.
Generation of WCEs and Western Blotting
We used 10% trichloroacetic acid to prepare WCEs by incubation on ice for 30 min. The WCEs were resuspended in 100 ll of SDS loading dye. To neutralize the solution, 10 ll of 1 N NaOH was added. WCEs were subjected to electrophoresis through 10% SDS-PAGE. The proteins were transferred to nitrocellulose and probed with indicated antibodies after blocking in 5% skim milk. Antibodies and dilutions used were anti-Flag (1:4,000; Sigma), anti-Actin (1:10,000; Abcam), and anti-Brg1 (1:1,000, as described by Fillingham et al. [2006] ).
Experimental Design for Mass Spectrometry Experiments
For each analysis, at least two biological replicates of each bait were processed independently. These were analyzed alongside negative controls in each batch of samples processed. Tetrahymena cells expressing no tagged bait (i.e., empty cells) were used as control. To minimize carry-over issues, extensive washes were performed between each sample (see details for each instrumentation type); and the order of sample acquisition on the mass spectrometer was reversed for the second replicate to avoid systematic bias. On the LTQ mass Proteomic Analysis of Histones H2A/H2B and Variant Hv1 in T. thermophila . doi:10.1093/molbev/msz039 MBE
